Introduction
Recharge is generally defined as the amount of water that reaches the saturated zone and adds to the groundwater reservoir (De Vries and Simmers 2002, Scanlon et al. 2002) .
Because groundwater recharge is a crucial parameter for both hydrogeologists and hydrologists, the estimation of this parameter represents a major challenge. From a hydrogeologist's point of view, groundwater recharge is the principal input value that quantifies the state of a resource. From a hydrologist's point of view, recharge is water that is temporarily lost because it does not immediately contribute to direct runoff to a river. Accurately estimating groundwater recharge represents the key to constructing acceptable groundwater flow models. Although it is possible to assess recharge from in situ point measurements of groundwater level fluctuations of an aquifer through extensive field surveys, available databases for groundwater levels are sparse, particularly for remote areas. In addition, because recharge is highly variable over time and space, calculating recharge directly from local instruments is nearly impossible. Therefore, recharge is often deduced from indirect approaches. These approaches still require large databases and the use of many simplifying assumptions. Moreover, the uncertainty associated with indirect approaches is difficult to evaluate. Therefore, the joint use of several methods to provide a reasonable estimate of recharge is justifiable (e.g. Rivard et al. 2014) .
The many techniques available for quantifying recharge can be broadly categorized into water budget approaches, water table fluctuation approaches, streamflow analyses, chemical tracing, physical techniques and numerical modelling. Each technique possesses strengths and weaknesses.
Water budget approaches are widely used to estimate groundwater recharge. These approaches include most physically based hydrological models, such as SWAT, HELP and MOHYSE (e.g. Arnold et al. 2000 , Croteau et al. 2010 , Rivard et al. 2014 . Seepage meters or lysimeters enable direct measurements of real-time vertical infiltration, but their use is limited to point estimations. These installations may also perturb the local soil and modify the rate of infiltration. In addition, such measurements require costly material, careful maintenance and extended field campaigns, which limit their implementation to a few points in a watershed that can cover thousands of square kilometres.
Investigations of fluctuations in the water table are among the most popular methods for estimating groundwater recharge and are mostly suitable for areas with a shallow water table. Such methods are easy to apply and inexpensive (e.g. Cook 2002, Yin et al. 2011) . Difficulties in applying these methods are related to determining the specific yield, which depends on the fluctuations in the level of the water table.
Streamflow time series analysis can also be used to assess groundwater discharge to a river. Hydrogram separation and recession analysis are two approaches that rely on streamflow time series analysis (e.g. Meyboom 1961 , Domenico and Schwartz 1998 , Rutledge 2007 . In this framework, it is assumed that the discharge is equal to the recharge (Bredehoeft 2007) . Analytical models can also be used to describe groundwater flow and estimate recharge. For example, Chesnaux (2013) estimated the recharge of an unconfined fractured bedrock aquifer in the Canadian Shield based on the assumption of Dupuit-Forchheimer flow (Dupuit 1863) .
Numerical modelling of groundwater flow in the vadose zone can determine infiltration by solving Richards' equation (Van Dam and Feddes 2000, Gogolev 2002 ) for a 1D model of vertical infiltration. UNSATH, VS2DT, SWAP and HYDRUS 2D (Scanlon et al. 2002) are among the most popular commercial software used for this purpose. Extensive field studies are necessary to obtain the data required by numerical models. Consequently, the study area must be small, and many uncertainties persist, particularly regarding the relationship between hydraulic conductivity, water content and pore pressure.
Finally, the methods based on tracer tests can also be used to estimate groundwater recharge (e.g. De Vries and Simmers 2002, Flint et al. 2002 , Scanlon et al. 2002 . Several tracerbased methods exist: isotopic measures (Allison et al. 1994) , heat tracers (Flint et al. 2002) , historical tracers (e.g. tritium/ helium couple or CFCs (chlorofluorocarbons); Coes et al. 2007 , Delin et al. 2007 ) and environmental tracers, e.g. chloride mass balance (CMB; Flint et al. 2002) . All of these methods are generally costly and only manageable for a small controlled study area (Scanlon et al. 2002) . This paper compares several methods for estimating recharge and infiltration through case studies in the Charlevoix and Haute-Côte-Nord (CHCN) regions, which are located in the province of Quebec in Canada. This study is part of a much broader research programme called PACES (Programme d'Acquisition de Connaissances sur les eaux Souterraines-Groundwater Knowledge Acquisition Programme), initiated by the Ministère du Développement Durable, de l'Environnement et des Parcs (MDDEP)-Ministry of Sustainable Development, Environment and Parks of Quebec. The goal of this larger programme is to survey groundwater quantity and quality throughout Quebec in populated territories and to obtain an overall understanding of this resource. The PACES project intends to gather and compile data on groundwater for the establishment of groundwater geodatabases (Chesnaux et al. 2011) . The PACES project also aims to estimate the availability of groundwater and facilitate the implementation of better management practices of this resource. To these ends, PACES researchers have conducted many field campaigns for hydrogeological data acquisition. The PACES programme is being implemented in separate areas of the province of Quebec; since 2012, the focus has been on the CHCN regions. These regions are characterized by significant snow cover and marked seasonality. This seasonality affects the period and the intensity of aquifer recharge. The assessment of aquifer recharge also requires monitoring the evolution of snow cover, increasing the difficulty of quantifying recharge in time and space. This paper focuses on documenting groundwater resources in Northern Quebec, within the Canadian Shield. Despite the growing body of scientific literature oriented towards the development of approaches for evaluating groundwater recharge, there is still limited information available on the dynamics of recharge in shield areas characterized by marked seasonality. This study aims to fill this knowledge gap by comparing four methods for assessing recharge in this context.
Four methods for estimating recharge were selected and compared based on available data derived from the PACES groundwater database. The first two methods are based on a global water budget (WB 1 and WB 2 ), but they differ in terms of their vertical inflow (VI) estimates (Fortin et al. 1995 , Perrin et al. 2003 , Valéry 2010 , Poirier 2012 . The third method is based on a local water budget (WB 3 ) (Monfet 1979 , Lim et al. 2006 . The fourth method is based on hydrogram separation (Eckhardt 2005 , 2008 , CEHQ 2010 . These methods were applied on different time and space scales, depending on the availability of climatic data (temperature, T; precipitation, P) and of hydrological data (streamflow, Q). The WB 1 , WB 2 and hydrogram methods provide a net recharge assessment for four watersheds over the period 1975-1995, whereas WB 3 provides a local assessment of potential recharge (infiltration) over three watersheds for the period 1989-1992. This paper is organized as follows: Section 2 provides a description of the case studies; Section 3 details the methodology used; Section 4 presents the results and discusses the results within the context of the uncertainties and hypotheses inherent to each method (such comparisons enable the validation of a range of values of recharge); finally, Section 5 presents conclusions and recommendations regarding future studies that could be undertaken in this field of investigation.
Description of the study area
The four watersheds considered in this study are located on the northern shore of the St Lawrence River in Quebec Province, Canada (Figure 1 ). The Du Gouffre and La Malbaie watersheds are located in the Charlevoix and Charlevoix East regions, respectively. The Petit-Saguenay watershed is located in the Saguenay-Lac-Saint-Jean region, whereas the Portneuf watershed is located in the Haute-Côte-Nord region. The surface areas of these watersheds range from 712 to 3085 km 2 . The river channel network is generally dense. Figure 1 shows that this portion of Quebec has two major rivers: the Saguenay (Fjord) and St Lawrence rivers. These two rivers divide this large portion of the territory along a northwest-southeast axis (St Lawrence River) and an east-west axis (Saguenay River). The topography of the region is dominated by the Laurentides Range, the meteoritic impact of Charlevoix, and valleys, all of which create a steep landscape.
The climate of the area is humid. The mean annual precipitation was approximately 1020 mm/y over the period . The forest is composed of mixed broadleaved trees and evergreens and covers 80% of the study area. The average temperature ranges from −25°C in winter to 25°C in summer (Figure 2 ). These mean annual climatic data result from the spatial average of point interpolation conducted by the CEHQ (Figure 1 ) over the period 1975-1995. In winter, precipitation is solid, and the streamflow is low. When the temperature begins to rise, the snow cover melts and causes a spring flood. In summer, high temperature triggers evapotranspiration, inducing low flows in rivers. Heavy rainfall events during autumn occasionally induce high flows.
From a geological point of view, the larger part of the regions of Charlevoix-Haute-Côte-Nord belongs to Grenville Province. However, some structures are part of the St Lawrence Platform of the Canadian Shield. The substratum is mainly composed of crystalline granitic and gneissic rock. The bedrock in the northern part of the study area is mainly composed of migmatites. Rock outcrops are observed across a large portion (10%) of the territory, particularly on highlands (Figure 3 ). The Quaternary sedimentation resulted from the last glaciation and deglaciation episodes. Mapping of these surface deposits has been performed over the CHCN region (Cousineau et al. 2014) . These sediments have glacier, glaciofluvial and glaciomarine origins. Following glacier withdrawal, the Goldthwait Sea progressed inland and deposited marine sediments. Till glacier sediments cover approximately 70% of the study area (Table 1) .
The regional aquifer system is characterized by Quaternary sediments and fractured bedrock. A layer of till covers most of the area, and it is in direct contact with the bedrock. The layer was formed by rock particles that were dragged and carried by glaciers and then deposited directly onto the rock structure. The till is characterized by variable and complex structures. Some till is composed of a sandy matrix with larger metric blocks. Till can also be represented by a compact matrix, which confines the underlying bedrock aquifer (Cousineau et al. 2014) .
The potential of the bedrock to serve as an aquifer depends on the density of its fracture network. However, no significant associations between transmissivity and structural features, such as faults or the meteoritic impact and geological formations, have ever been observed in this study area. The average transmissivity of the crystalline bedrock is on the order of 10 -5 m 2 /s (Richard et al. 2014a ). The spatial sequence of Quaternary deposits is complex throughout the region. The Haute-Côte-Nord region is dominated by till deposits at the highest elevations, with sand along the streams. Lowlands correspond to large fluvial plains where clay sediments are covered by thick deltaic sand deposits confined by peatland. With the Saint-Narcisse moraine, the Charlevoix area comprises glaciofluvial and glaciolacustrine deposits (approximately 20%) in the valleys. These deposits represent the important potential for productive aquifers. However, the extent of the deposits is limited and discontinuous. Glaciomarine sediments also accumulated at the bottom of steep-sided valleys, such as those along the Du Gouffre and La Malbaie rivers (Cousineau et al. 2014) . This Quaternary history was conducive to the formation of different types of aquifers with various confining conditions (Figure 3 ). Sand and gravel units are mainly observed along channel networks and represent unconfined aquifers. The composition of the till overlying the bedrock can vary in terms of grain size and structure, which causes the permeability of the till to range from low to high. Consequently, the bedrock aquifer underneath can be in either confined or semi-confined conditions. We consider that clay deposits confine the underlying aquifers because the properties of clay are more consistent with very low-permeability conditions.
3 Recharge assessment methods
Water budget
The water budget method applies the principle of mass conservation to the hydrological cycle. This principle states that the difference between the input and output fluxes of water in an aquifer system is equal to the change in water storage. Recharge is thus obtained by summing all the other terms in the water balance. For a system in which the net change in water storage equals zero, recharge is obtained by Equation (1):
where VI is the vertical inflow in mm/d, Ru is the total runoff in mm/d, AET is the actual evapotranspiration in mm/d and Re is the recharge in mm/d. Vertical inflow (VI) is defined as the sum of precipitation and snowmelt that is available each day to run off, percolate or evaporate. In the absence of snow on the ground and when precipitation is liquid, the vertical inflow and precipitation are the same. During spring, when precipitation is very low, VI is driven by snowmelt. In this study, three variants of the water budget are proposed: WB 1 , WB 2 and WB 3 . The first two (WB 1 and WB 2 ) are regional estimates over a watershed. WB 1 and WB 2 differ in how VI is calculated. WB 3 is a spatial water budget estimate computed from a geographical information system, ArcGIS (ESRI ArcGIS 10.1 2012). WB 3 provides only the quantity of water that infiltrates the soil because subsurface runoff is not taken into account. All of the data required for the calculation of these three different water budgets are available from the database implemented by PACES.
Global water budget (WB 1 and WB 2 )
The global values of recharge provided by WB 1 and WB 2 are computed for the period 1975-1995 and for four watersheds where data are available. These two methods differ in their estimation of VI. For WB 1 , VI is calculated from the global conceptual hydrological model, GR4 J, which was developed by Perrin et al. (2003) using CemaNeige (Valéry 2010) as the snow module. For WB 2 , VI is calculated from the snowmelt module of the physically based distributed hydrological model HYDROTEL (Fortin et al. 1995) . The VI from HYDROTEL was provided by the CEHQ (Centre d'expertise hydrique du Québec; Poirier et al. 2014 ). Both models were run with a daily time step. The vertical inflows produced by these two models use gridded climatic data (precipitation and temperature) generated by the CEHQ (Poirier et al. 2014 ). The interpolation was performed at a daily time step, at a 0.1 degree resolution over the southern Quebec territory ( Figure  1 ). Simple isotropic kriging was performed, with monthly mean variograms for precipitation, minimum temperature and maximum temperature.
CemaNeige, which is used for WB 1 , is a daily degree snowmelt module that simulates the daily evolution of snow cover. The climatic interpolated data are averaged over each watershed before being added to GR4 J with CemaNeige because GR4 J is a global model. The model GR4 J (including its snowmelt module, CemaNeige) comprises a total of six free parameters that must be calibrated against the observed streamflow using a portion of the hydro-climatic data reserved for this purpose.
Two of these parameters, K f and C TG , are related only to snowmelt, where K f represents the snowmelt parameter and C TG represents the correction of the thermic state of the snow cover. One of the particularities of CemaNeige is the division of each watershed into five altitudinal zones to calculate the median altitudes of each zone as inputs to CemaNeige. According to the recommendation of Valéry (2010) , five parameters are fixed: the mean annual quantity of snow (QNBV, in mm), the altitudinal correction of precipitation, the altitudinal gradient of temperature (−0.6°C /100 m), the snow melt temperature (0°C) and V min , which is the percentage of K f that corresponds to the minimal snowmelt speed (10%). CemaNeige separates the total precipitation into rain and snow according to the median altitude of the watershed for each altitudinal zone. Snowmelt in each zone is delayed according to the thermic state of the snow cover. Finally, the quantity of water from snowmelt (S m ), which is added to the rainfall (P l ), is calculated according to Equation (2):
The other four calibrated parameters are included in GR4 J:
(1) the maximum capacity of the production store (X 1 ) in mm; (2) the groundwater exchange coefficient (X 2 ) in mm; (3) the one day head maximum capacity of the routing store (X 3 ) in mm; and (4) the time base of the unit hydrogram (X 4 ) in days. The daily evapotranspiration must be computed separately and added to the model. The calibration of the six parameters is based on the maximization of the Nash-Sutcliffe criterion (Nash and Sutcliffe 1970) .
HYDROTEL is a distributed hydrological model (Fortin et al. 1995 (Fortin et al. , 2007 which has been successfully applied in various southern Canada watersheds (e.g. Turcotte et al., 2007) . Poirier et al. (2014) ran the snowmelt module included in the hydrological model HYDROTEL, forcing it with daily observed data of temperature, precipitation, and snow survey data when available. Snow-water equivalent (SWE) estimates calculated by the snowmelt module were compared to measured SWE data to estimate the errors made by the model in computing SWE. These errors were then kriged over the domain through a procedure described by Turcotte et al. (2007) . As a result, the raw SWE computed by HYDROTEL can be corrected before the computation of vertical inflows for each grid point.
The use of snow surveys for correcting SWE calculations from the snowmelt module partially offsets the underestimation of snowfall caused by wind over the climatic stations and the fact that sublimation of snow cover is not simulated by the snowmelt module of HYDROTEL (Turcotte et al. 2007) .
Both water budget methods (WB 1 and WB 2 ) must account for evapotranspiration. The potential evapotranspiration (PET) corresponds to the maximum combined amount of evaporated and transpired (by plants) water. This maximal evapotranspiration occurs when the vertical inflow is greater than or equal to PET. In fact, actual evapotranspiration (AET) is often lower than PET. Estimating PET is not easy because it involves many variables that are difficult to measure, such as stomatal resistance, the leaf area index or the soil heat flux. Lysimeters can determine the PET indirectly. However, these installations have limited temporal and spatial scales. A possible solution is to use satellite data to regionally map the PET (Allen et al. 2007 , Li et al. 2009 ). The PET is typically estimated from empirical models developed from in situ experiments and meteorological data. Well-known models are the Thornthwaite (Thornthwaite 1948 ), PenmanMonteith (Penman 1948 ), Baier and Robertson (Baier and Robertson 1966) and Hargreaves (Hargreaves 1975) models. An extensive study by Oudin (2004) compared 27 PET formulas for 308 watersheds corresponding to different hydroclimatic situations. The author concluded that the best results are obtained by the simplest models that require only limited data (temperature and radiation).
In the study presented in this paper, the PET is estimated (for WB 1 and WB 2 ) from an empirical relationship developed by Hydro-Québec (Bisson and Roberge 1983) to obtain a better representation of the particular climate of Quebec (Dionne et al. 2008) . This calculation only depends on the daily minimum and maximum temperatures, which are interpolated by the CEHQ over the entire study area using data gathered from climatic stations. The daily PET is given by Equation (3):
where PET is in mm/d and T m and T M are the daily minimum and maximum temperatures in°C, respectively. The accuracy of Equation (3) for Quebec was demonstrated by Dionne et al. (2008) . However, based on a comparison with a stomatal resistance model that accounts for a plant's level of stress, the same authors showed that PET computed in this manner would actually be closer to the AET.
Several empirical relationships assess AET from PET, as reported by Schreiber (1904) , Pike (1964) , Budyko (1974) and Zhang et al. (2001) . These relationships have been established from field studies on hundreds of watersheds throughout the world. Among these relationships, Budyko (1974) has provided good results, according to Oudin (2004) ; thus, this relationship is selected here. The relationship is given by Equation (4):
where P is the mean annual total precipitation (water equivalence) in mm/y, and PET is the mean annual potential evapotranspiration in mm/y. From annual values of the AET, AET/ PET is calculated for each year and for each watershed. This coefficient ranges from 0.79 to 0.89. As previously mentioned, the VI is provided by the CEHQ (VI CEHQ ) indirectly and partly accounts for the sublimation of snow through the correction based on snow surveys. Consequently, for the water budget calculated from the VI CEHQ , the AET has only been estimated for summer (June to October). The total runoff, Ru, is calculated from the hydrogram separation for WB 1 and WB 2 . In fact, the streamflow hydrogram can be divided into three main types of flows: subsurface or hypodermic flow (Ru H ), baseflow (Q B ) and surface runoff (Ru S ) (Domenico and Schwartz 1998) . The total streamflow and the baseflow data are supplied by the CEHQ (Centre d'expertise hydrique du Québec (CEHQ) 2010). Consequently, the runoff contribution is given by the difference between the streamflow (Q T ) and the aquifer contribution (Q B ), as formulated by Equation (5):
where Ru is the total runoff in mm/d, Q T is the total streamflow in mm/d and Q B is the baseflow in mm/d.
Local water budget (WB 3 )
The third water budget variant estimates the spatial infiltration (on a 250 m Â 250 m grid) by a computation implemented in ArcGIS (ESRI ArcGIS 10.1 2012). This method has been developed with the PACES team with the intention of calculating the DRASTIC index (Aller et al., 1987) over the study area. This last water budget (WB 3 ) is determined from the VI provided by the CEHQ. The AET is estimated from the Budyko relation (Budyko 1974) and is only applied for the summer (used for WB 2 ). The surface runoff computation is based on the Soil Conservation Service (SCS) curve number (CN) method (Cronshey 1986 ). This approach aims to account for the characteristics of each watershed (topography, soil coverage and deposits). Nevertheless, the approach does not allow for the estimation of subsurface runoff. Consequently, the resulting maps correspond to an infiltration map or a map of a potential recharge zone. In the present study, this method is only performed for the Du Gouffre, La Malbaie and Petit-Saguenay watersheds because the soil coverage information is not available for the Portneuf River watershed. The CN method has been adapted by Monfet (1979) for humid southern Quebec to match meteorological conditions, the geological context and the nature of the soils. The CN is a quantitative (dimensionless) parameter that depends on soil properties (nature, grain size, texture and infiltration capacity), type of soil coverage (vegetation and land use), the topography of the watershed and the hydrological conditions, which must be determined from a field study. Such a large investigation would not be feasible for the entire study area. Consequently, the mean hydrological conditions for all studied watersheds are applied.
The CN method is based on an empirical equation (Equation 6 ) proposed by Cronshey (1986) :
where VI is the vertical inflows event in mm/d, Ru S is the surface runoff in mm/d and S is the retention parameter in mm/d. The retention parameter, S, is defined from the CN by Equation (7) (Cronshey 1986 ). This relation between S and CN was initially developed by a shield study.
Equation (6) assumes that there is no runoff if VI is lower than 20% of the retention parameter. Therefore, for CN = 75, the daily VI must be higher than 17 mm for the water to begin to run off. This condition is only met a few times throughout the year. In other words, all of the events of VI lower than 28 mm infiltrate the soil as if the soil were never saturated. For the hydrometeorological conditions of Quebec, this assumption is not valid, particularly during spring; thus, the runoff is underestimated. To overcome this problem, the condition on VI is modified (Equation 8). As soon as VI exceeds 0.01S, the runoff is calculated (instead of 0.2S). A similar modification was made by several authors (Woodward et al. 2003 , Lim et al. 2006 , Yuan et al. 2014 who showed that the CN method with a 0.2 coefficient systematically underestimated surface runoff. Equation (8) represents a modified version of the SCS-CN method that was applied in this study: Forest covers 86.5%, cultivated land covers 12.5% and urban areas cover 1% of the study area. Different types of deposits observed in the region are reported in Table 2 . Typically, sand and gravels (group A) have a high infiltration capacity (low runoff) and therefore have a low CN value, whereas rock, clay and till (group D) are more favourable for runoff (Table 3) , presenting a higher CN value. The slope of the terrain also affects the value of CN. The CN values obtained solely from the soil type are used when the slope of the terrain falls between 3% and 8%. If the slope is between 8% and 15%, the CN value is higher. By contrast, a slope lower than 3% limits runoff, and the value of CN must be lower (Table 4) . Given the steep landscape of the region, a new slope class has been created. Thus, despite the type of soil or soil coverage, a slope higher than 15% triggers maximal runoff. Therefore, a value of CN i = 90 is assigned in this case.
The final values presented in Table 4 have been modified from the original proposition by Monfet (1979) , assuming mean hydrologic conditions and a new class of steep slopes.
According to the season and the antecedent precipitation index (API), antecedent moisture conditions are determined graphically from Figure 5 adapted from Monfet (1979) .
The initial curve number, CN i , is then modified. If Class I or AMC I corresponds to dry conditions, CN i is decreased, and if class III or AMC III corresponds to wet conditions, CN i is increased. If an event is categorized as class II, then CN i is not modified. In the two other cases, the conversion from the CN i to CN class is possible with Equations (9) and (10) (Cronshey 1986 ):
The CN value calculated from the CN i ranges from 41 to 95 according to the AMC conditions. The API depends on the cumulative rain or snowmelt (VI, in mm) throughout the 14 previous days, i. The index is calculated based on Equation (11) reported by Monfet (1979) :
The final infiltration calculation is performed using an automated procedure implemented in a geographical information system, ArcGIS (ESRI ArcGIS 10.1 2012). The procedure is summarized in Figure 6 . Each pixel features a value for each parameter (VI, T, API, . . .). Maps of Quaternary deposits and slope are already available in raster format to create a map of CN i that is fixed in time. Daily temperature and vertical inflows provided by the CEHQ (vectorial formats on a 0.1°longitude and latitude grid) are kriged to obtain a new raster for each pixel (250 m × 250 m). Daily temperature maps (minimal and maximal) allow for Glaciofluvial sediments: Sandy, gravels and blocks Gxt Glaciofluvial sediments: Till, diamecton, block, sand and gravels R Rock Table 3 . Runoff groups (A to D) associated with sediment indexes that define the infiltration capacity of the sediment. Typically, group A represents sediments with a high infiltration capacity and a low CN, and group D represents sediments with a low infiltration capacity and a high CN.
Index Group
Go, Gx A Ce, Mb, Mgb, Mgd, Lgb, Lgd B Ax, Ap, At, Gxt, Cr, C, L C Tm, Tc, R, O, Cg, Mga, Lga D the computation of PET maps. The AET is calculated annually as a coefficient of PET (Equation 4). Next, to calculate the daily runoff, daily maps for the following parameters are necessary: VI, API, AMC, CN and S. These maps are then combined, as described in Figure 6 , to obtain annual infiltration maps. Because of computational time constraints, the calculations have only been performed for four years (1989) (1990) (1991) (1992) . Additionally, only the watersheds for which Quaternary deposit maps are available (Du Gouffre, La Malbaie and Petit-Saguenay) are considered.
Hydrogram separation
A streamflow hydrogram can be divided into three main types of flows: sub-surface or hypodermic flow, baseflow and surface runoff (Domenico and Schwartz 1998) . Hydrogram separation is possible assuming that the flow component presents different time lags (Eckhardt 2008) . Runoff is related to rapid flow; therefore, its stream contribution terminates earlier. Baseflow has a long time lag, and it continues after the hypodermic flow stops. During low flow, the streamflow mostly consists of baseflow. This baseflow component corresponds to groundwater discharge into a river. Several authors have focused on streamflow records to estimate groundwater recharge (e.g., Meyboom 1961 , Rorabaugh 1964 , Mau and Winter 1997, Rutledge 1998, Lee et al. 2006) . In this context, recharge is assumed to be equal to the baseflow. Various methods can be used for hydrogram separation, including graphical approaches (Linsley et al. 1982, Brodie and Hostetler 2005) , digital filtering with programs such as HYSEP or PART (Arnold et al. 1995 , Brodie and Hostetler 2005 , Rutledge 2007 ) and recession-curve displacement methods (Rorabaugh 1964) .
In the study presented here, baseflow data computed with recursive digital filters (Eckhardt 2005 (Eckhardt , 2008 
where G is the baseflow (m 3 /s), t is time in s, Q is the streamflow (m 3 /s), a is the recession index and BFI max is the long-term value of the baseflow index (BFI). The BFI corresponds to the long-term ratio of the baseflow to the total streamflow.
Two parameters must be estimated: the maximum value of the baseflow index, BFI max , and the recession index, a. BFI max is obtained from the available hydrogeological and hydrological information for each watershed. According to Figure 6 . Procedure for computing the infiltration with a water budget method (WB 3 ) involving ArcGIS. First, vertical inflow (VI) is provided by the CEHQ. Actual evapotranspiration (AET) is then obtained from potential evapotranspiration (PET), which is estimated by the Budyko relation (Budyko 1974 ) using maximum and minimum daily temperatures (T min and T max ). The surface runoff is calculated from the curve number (CN) method using the Quaternary deposit map (Cousineau et al. 2014) , the slope of the shield (MNT) and the antecedent precipitation index (API). Eckhardt (2005 Eckhardt ( , 2008 , obtaining an optimal value for BFI max depends on the particularities of the basin: 0.8 for perennial streams with porous aquifers, 0.5 for ephemeral streams with porous aquifers and 0.25 for perennial streams with hard-rock aquifers. In this study, the values of BFI max used are 0.60, 0.55, 0.55 and 0.45 for the Du Gouffre, la Malbaie, Petit-Saguenay and Portneuf watersheds, respectively, according to the CEHQ estimates (Poirier 2012) . Recession index a is evaluated by analysing the recession curve. Maillet's law shows that each recession curve can be modelled as an exponential function given by Equation (13) (Meyboom 1961) : ) where Q 0 is the streamflow (m 3 /s) at the beginning of the recession period, Q t is the streamflow at time t (m 3 /s) and α is a drying-up coefficient. The exponential term, a, defined as the recession index, can be isolated (Equation 14):
By plotting Q t versus Q t+N (N represent the number of days of the recession), it is possible to obtain the recession index that corresponds to the slope of the regression line. Based on different recession analyses, Nathan and McMahon (1990) demonstrated a relationship between a values and different flow regimes. A direct flow is characterized by 0.2 < a < 0.8, a hypodermic flow corresponds to 0.7 < a < 0.94 and the baseflow is represented by 0.93 < a < 0.995. First, the recession period must be selected. For each day of the recession period, a is evaluated using Equation (14). Only periods during which a ranges from 0.93 to 0.995 are considered. Then, the value of a that generates a lower root mean square deviation between the observed and measured flow is selected. The values of a used in this study are 0.963, 0.951, 0.944 and 0.962, respectively, for the Du Gouffre, la Malbaie, Petit-Saguenay and Portneuf watersheds, according to CEHQ estimates (Poirier 2012) .
Results

The vertical inflows
The daily results of GR4 J-CemaNeige are presented in Figure 7 for only 1990 in Du Gouffre. Additionally, the value of the parameters after calibration and the performance index of each watershed are reported in Table 5 , showing very good NS (>0.8) for all of the watersheds. Figure 7 shows that during winter VI is very low or null, because the snowmelt is generally negligible. During spring, VI is high due to snowmelt. Therefore, considerable runoff is produced. In summer, VI is equal to precipitation because the latter is liquid. Part of this water is lost by evapotranspiration.
The mean annual and seasonal VI (over the period ; no data are available from 1996 onwards) obtained from the different methods are presented in Figure 8 . The mean annual VI CemaNeige is highly similar to the total precipitation of each watershed. VI provided by the CEHQ is clearly lower than the total precipitation assuming that this value indirectly and partly includes the sublimation of snow by the means of historical snow survey data when available. The mean annual VI CEHQ ranges from 781 mm (77% of the annual precipitation) (Du Gouffre) to 929 mm (87% of the annual precipitation) (Portneuf).
The seasonal variations in VI are similar for all watersheds and for the two estimates of VI (Fig. 8(b) ). Approximately 40% of the total yearly VI occurs between April and May. This water is derived mainly from snowmelt, which causes high runoff. During the summer and fall, VI is equal to the liquid precipitation (30% and 20%, respectively, of the total annual VI). From December to March, the precipitation is mainly solid; therefore, VI is very low. When precipitation is liquid, the water is absorbed by the snow cover.
Actual evapotranspiration (AET)
The mean annual AET estimated from Equation (3) is 491 mm, which represents 48% of the total yearly precipitation (Table 8 ). The AET is particularly high during summer Figure 7 . Daily water budget 1, example for Du Gouffre watershed for one year (1990) . VI is calculated from GR4 J using CemaNeige as the snow module. The baseflow (Q B ) is obtained by hydrogram separation. The difference between the total streamflow Q T (supplied by the CEHQ) and Q B gives the total streamflow. Q_obs represents the observed total streamflow and Q_sim represents the streamflow simulated by GR4 J. AET is then obtained from PET, which is estimated by the Budyko relation (Budyko 1974) using maximum and minimum daily temperatures (T min and T max ).
(53%) and spring (18%), and the AET during the latter can be linked to sublimation. The minimum value is obtained for Du Gouffre (480 mm/y), and the maximum value is obtained for Petit-Saguenay at 506 mm/y over the study period. From year to year, the AET is steady, fluctuating only between 459 mm and 523 mm.
Runoff
The mean annual total runoff (Ru = Q T − Q B ) fluctuates between 265 mm (La Malbaie) and 375 mm (Portneuf); the mean annual total runoff is 321 mm/y over the entire CHCN region or 31% of the total yearly precipitation. A large proportion of the total runoff occurs during spring (54%). This phenomenon is attributed to snowmelt, which rapidly saturates the soil and causes surface and sub-surface runoff. The highest values of runoff are observed for Portneuf and PetitSaguenay (35% and 33%, respectively), which present higher proportions of rock and till deposits than the two other watersheds (Table 1) .
Infiltration maps or potential recharge zones
The percentage of each component of the water budget with respect to precipitation (P) is computed and presented in Figure 9 . The regional mean annual surface runoff (Ru S ) and infiltration are 181 mm and 208 mm, corresponding to 20% and 22% of the total precipitation, respectively. The results are detailed in Table 6 . The spatial variations (independent of the amount of precipitation) depend on the physical characteristics of the watersheds, particularly the nature of surface deposits and slopes. Sand, gravel and low slope zones or valleys favour maximum infiltration (532 mm/y) and minimum runoff (4 mm/y), whereas impervious deposits, including clay, till and rock, and steep landscapes, correspond to the lowest infiltration rates (113 mm/y) and highest surface runoff (312 mm/y). The ranges of infiltration and surface runoff according to the nature of surface deposits are reported in Table 6 . Figure 10(a) and (b) shows the seasonal fluctuation in the baseflow obtained after the hydrogram separation. Only 30% of the baseflow occurs during summer, whereas the main part of the baseflow is observed during the spring melt period. This trend depends directly on the hydrogram separation method, which considers that the baseflow increases when the streamflow rises. The same conclusion was proposed by Croteau et al. (2010) . For this reason, the baseflow is also calculated separately for the June-February period, when the streamflow is lowest and is mostly caused by the discharge of groundwater into the river. The mean annual values for the baseflow are presented in Table 7 . The mean annual baseflow accounts for 30% of the mean total annual precipitation, whereas the mean baseflow computed over the June-February period accounts for 18% of the mean total annual precipitation.
Baseflow and global recharge
The mean annual value of recharge calculated from the water budget methods, Re WB1 and Re WB2 , over the period 1975-1995 are 188 mm and 154 mm for WB 1 and WB 2 , respectively (Fig. 11) . The lowest recharge is obtained for Petit-Saguenay (WB 1 and WB 2 ) (144 mm), which represents 15% of the total annual precipitation. The highest values are calculated for La Malbaie (WB 1 ) and Portneuf (WB 2 ). Figure11 shows that globally (over the entire CHCN region), the mean annual recharge is similar for the two water budget approaches over the period 1975-1995. Nevertheless, depending on the watershed and specific year considered, Re WB1 and Re WB2 values can be markedly different. For Du Gouffre, the mean annual difference between Re BH1 and Re BH2 is 104 mm, whereas it is lower for other watersheds, e.g. 70 mm, 52 mm and 42 mm for La Malbaie, Petit-Saguenay and Portneuf, respectively (Fig. 11) .
The inter-annual results (Fig. 12) show that the recharge estimated from the water budget method experiences more Table 5 . GR4 J-CemaNeige parameters after calibration. X 1 is the maximum capacity of the production store in mm, X 2 is the groundwater exchange coefficient in mm, X 3 is the one day ahead maximum capacity of the routing store in mm, X 4 is the time base of the unit hydrogram in days, C tg is the correction of the thermic state of the snow cover, K f is the snowmelt parameter and NS is the Nash-Sutcliffe criterion. only the baseflows computed over June-February are considered plausible and are presented. The values are also presented as percentages of the mean precipitation, P (over the study period).
Discussion
The values obtained for the recharge, as estimated with the different methods (Table 8) , agree with those reported in other studies performed within a similar geological and climatic context in Quebec (e.g. Croteau 2006 , Meyzonnat 2012 , Rivard et al. 2014 ; these studies estimated that recharge accounts for 9-15% of the total annual precipitation on average. The minimum value of recharge is observed for the Petit-Saguenay watershed, which presents higher proportions of rock and till deposits (Table 1) . Additionally, the higher recharge values for the La Malbaie watershed can be explained by sand and gravel deposits exceeding 20% of the total area. Although the Re WB1 and Re WB2 are globally similar over a long time scale, Re WB1 is often higher than Re WB2 . Thus, the AET calculated for the winter (associated with sublimation) using WB 1 is underestimated compared with corrections from snow survey data, which are included in VI CEHQ and consequently included in Re WB2 . Figure 13 and Table 9 show that the daily recharge estimated from the water budget (WB 1 and WB 2 ) is directly correlated with the daily VI.
The accuracy of the water budget method is directly dependent on the uncertainties in each component. These uncertainties are particularly high when the recharge is low.
The larger part of the water budget is represented by the AET (48% of the total annual precipitation). This component strongly affects the recharge. The AET is defined as a proportion of the PET, which changes each year for all of the watersheds. However, this AET/PET ratio could also vary seasonally as it is indeed not always constant throughout estimated by different methods. the year. Additionally, the PET and AET estimations performed in this study rely solely on temperature and precipitation. Because many other parameters affect the AET, such as soil coverage or air saturation, more sophisticated approaches could be implemented using an energetic budget. However, using such approaches would require a large amount of data that are not often available. Runoff estimations based on the hydrogram separation (Q T − Q B ) can also induce errors. In fact, a part of the baseflow (especially during spring) can also be attributed to subsurface runoff. In this case, the runoff calculated from Q T minus Q B could be underestimated.
The strong assumption that VI is the only supply of AET, runoff and recharge represents a coarse simplification. In fact, water can be added or subtracted by deep groundwater flow or by soil water storage. This fact can explain the negative value of recharge that is occasionally obtained for some years. Additionally, these negative values correspond to dry years during which the VI is low compared with other years. The existence of negative recharge values constitutes a surprising anomaly that could be further aggravated by a concurrent underestimation of the VI and/or an overestimation of the runoff or of the ETR. These variations could explain why there might ultimately be a negative water budget.
Uncertainties can also be caused by climatic data. Approximately one-third of the precipitation is solid, but this quantity is often underestimated due to the wind, which prevents snow from being captured by the snow gauge. The total precipitation measured by gauges thus represents a minimum value. Most operational agencies use snow surveys to correct SWE values throughout winter; such is the case with VI CEHQ in this study. Moreover, the number of climatic stations is very low (especially in the Haute-Côte-Nord; Fig. 1 ), and the stations are non-uniformly distributed over the area. This trend creates significant uncertainties in the precipitation and temperature data, which may affect the reliability of the recharge estimation (e.g. the Portneuf watershed).
The hydrogram separation method seems to be most realistic. Indeed, streamflow records represent an observable hydrological signal that characterizes the aquifer system (Bredehoeft 2007) . Nevertheless, this principle triggers major discussions, and two main points of view are debated. Some authors support the fact that basin recharge is approximately equal to the basin discharge when dynamic equilibrium conditions are satisfied. According to Rutledge (2007) , this method would be valid when the database used spans a sufficiently long period (10 years or more). Bredehoeft (2007) also encourages the scientific community to concentrate on developing methods for computing the discharge rather than the recharge. However, this analogy between discharge and recharge is too simplistic. Pumping, deep groundwater flow, hydraulic connections between aquifers (e.g. Richard et al. 2014b) , wetland and lake discharge, bank storage or even runoff can have significant effects and can disrupt the equilibrium (e.g. Halford and Mayer 2000 , Scanlon et al. 2002 , Stephens 2009 ). In the study presented, the effects of wetland and lake discharge could be considerable. In fact, the percentage of the watershed area covered by lakes ranges from 1% (Du Gouffre) to 7% (Portneuf). Additionally, the flow from springs or outcrop face seepage can also introduce water from deep fractures, as observed in steep rock valleys, such as La Malbaie. All of these uncertainties are significant, but their quantification is beyond the scope of this paper. Thus, the daily recharge is not reliable because the water budget is not closed over one day or one season. Nevertheless, the annual mean value seems reasonable.
Finally, the methods used in this study are based solely on hydro-climatic data (precipitation, temperature and streamflow). The infiltration is estimated locally to account for spatial variations in topography, soil coverage and deposits. Nevertheless, hydraulic conductivity, soil properties (soil saturation and water content) or the water table level are not considered. In another study, it would be interesting to take additional measurements and to investigate the saturated and unsaturated zones. Additionally, the implementation of a groundwater model, such as HELP or SWAT, would confirm the recharge values calculated in this study.
Re WB2 , which indirectly and partly accounts for sublimation through snow survey corrections, is consistently lower than Re WB1 , which does not consider sublimation. The spatial analysis here is rather coarse and refers to the varying difference between Re WB2 and Re WB1 from one watershed to another. Globally, AET calculated in winter is underestimated compared with the sublimation corrected from the snow survey data.
The curve number method was first reported by Musgrave (1955) . Curve numbers were then developed for many soilcover complexes and published in 1986 in the NRCS National Engineering Handbook, Section 4, Hydrology (NEH-4). The method is an empirical one usually applied to small watersheds, initially developed and calibrated from fieldwork carried out in the United States. Curve numbers have been verified experimentally because they are based on data from research watersheds where experiments involved defining the runoff for different soil and cover conditions. The application of the method was then extended to urban and forested zones. The research watersheds from which data were used are located in various parts of the United States; therefore, the curve numbers are applicable to that country. Despite some modifications later proposed by Monfet (1979) to make the method applicable to the province of Quebec in Canada, we believe that the method still consistently underestimates surface runoff because of a severely limited range of slope values, as well as a restrictive minimal value of rainfall events. Thus, in this study, additional corrections and modifications were applied to the method of curve numbers to take into account the physiography of the CHCN region (steeper slopes and lower values of minimal rainfall events taken into account, i.e. 0.01 instead of 0.2). The modifications included the addition of a new class of slope and the lowering of the threshold value of the VI so that runoff may be more accurately measured. The results now appear to be consistent; the modifications introduced for the CHCN region therefore seem justified. The adjustments we made in this study to apply the method of curve numbers are only justified in the CHCN region because of the specific physiography of this region, which is marked by steep slopes. For other regions in Canada, such modifications would not necessarily be appropriate because the method should be adapted by users to the specific characteristics of any region under investigation. Before applying the method, it is important to carefully adjust the parameters of soils and slopes to ensure accurate results. This method also requires a large amount of information and is computationally demanding. However, it does present the major advantage of being computer-based (as opposed to analytical) and can thus be directly applied using physical data derived from the site of interest (soil, geology), as well as meteorological data.
Conclusion
Estimating recharge remains a major challenge in hydrology and hydrogeology. This task is particularly difficult in Quebec because the soil is covered by snow six months per year. In addition, some regions, particularly CHCN, are equipped with a low number of weather stations irregularly distributed over the area.
Despite the lack of available data for the CHCN region, the PACES project provided an assessment and quantification of the regional recharge and also identified potential zones of recharge. Overall, the mean annual recharge estimated from the water budget (WB 1 and WB 2 ) and baseflow (June to February) is 183 mm on average over the period 1975-1995; this value represents 18% of the mean total annual precipitation.
The hydrogram separation method is appropriate as a first approximation when the low-flow period (June to February) is considered. This method is easy to apply, inexpensive and only requires streamflow data. However, this method must be validated by other methods to provide a reasonable estimate of recharge.
The water budget method is also easily implemented. Nevertheless, the method's accuracy is hampered by underlying simplistic assumptions and by the uncertainties related to precipitation (caused by the sublimation and the underestimation of snow cover). If snow-water equivalent corrections based on a snow survey are not available, computing winter evaporation over large spatial and time scales and using the result to estimate sublimation are recommended.
A local approach accounts for the physical characteristics of the study area to evaluate the potential recharge zones according to the nature of deposits and the slope. The CN method has been adapted for the CHCN region to obtain surface runoff that is representative of surface deposits and the topography of the region.
In this study, four methods were used to measure recharge in northern Quebec and within the Canadian Shield. These same four methods, with certain adjustments, could also be used to measure recharge in other northern regions around the world that are characterized by significant snow cover and marked seasonality. This study confirmed the usefulness and feasibility of applying hydrological, meteorological and soil cover data to derive a range of values of recharge over a region. These methods have the advantage of simplicity and can easily be applied by practitioners.
The methods proposed in this study could be augmented by the complementary application of additional methods for the vadose zone, which would help account for soil water content, hydraulic conductivity and water table in much greater detail and would help complete the results presented here.
